Duplicate polyurethane foam based passive air samplers (PUF-PAS) were deployed at seven sites in Ningbo from November 1, 2014 to October 31, 2015 and were used to analyze 15 priority polycyclic aromatic hydrocarbons (PAHs). Higher benzo [a] pyrene toxic equivalent concentrations were observed in the industrial areas during wintertime. Correspondence analysis (CA) was used to characterize the PAH congener profiles associated with each functional district and their temporal variations. It showed that different PAH composition profiles and seasonal variations were observed in mountain, rural area and residential areas; and different industrial layouts also led to different properties of PAH congener emissions. Higher levels of PAHs were observed around oil refinery in summer and at mountainous areas in winter, which might be attributed to the evaporation of petroleum and the impact of local biomass burning. This study also demonstrated that the factors influencing the representativeness of a site could be more clearly understood using PUF-PAS and CA analysis.
of SVOCs and their long range atmospheric transport all over the world based on projects such as Global Atmospheric Passive Sampling (Pozo et al. 2009 ) and the Asian Soil and Air Monitoring Program (Hong et al. 2016) . However, even fewer researches have focused on verifying the representativeness of a site in a specific region in previous experimental campaigns.
This study focused on discussing the differences and impacts of local sources of PAHs. The objectives of this study are: (1) to study the spatial and temporal variations of PAHs in Ningbo in different functional districts; (2) to assess the potential sources and pollution characteristics of ambient PAHs in different districts; and (3) to determine the factors influencing the representativeness of a site for the whole study region.
Materials and Methods
As one of the busiest port cities in the world, Ningbo is situated in the south of Yangtze River Delta (YRD) region, with an area of 9816 km 2 and a population of about 8 million. Ningbo is strongly influenced by the Siberia-Pacific monsoon with hot and humid summers; and cold and dry winters. Figure 1 shows the specific location of the sampling sites in this study. Efforts were made on choosing these sites to cover all sorts of land-use areas. Based on the specific locations, the sampling sites are classified into four categories: residential, industrial, rural and mountain sites. The residential sites include Environment Monitoring Center of Ningbo (Re-EMCN) and University of Nottingham Ningbo China (Re-UNNC). The industrial sites include Zhen-Hai (In-ZH) and Heng-Yang (In-HY). The rural sites include Rui-Yan (Ru-RY) and Ningbo Urban Environment Observation and Research Station (Ru-NUEORS). The mountain site includes the Damei Mountain (DMS).
Prior to deployment, PUF disks were cleaned progressively by acetone, petroleum ether/acetone (75:25), petroleum ether and acetone using an Accelerated Solvent Extraction (ASE 350, Thermo Fisher Scientific, USA). PUF disks were dried in a desiccator and were stored in glass jars with Teflon lids until sampling. PUF disks were kept at 4°C before being transported to the sampling sites. Duplicate PUF disks were deployed at each of the seven sites for each month. A total of 168 field samples (24 for each site) were collected during the study period from November 1, 2014 to October 31, 2015. The analysis of PUF samples was made according to the previous study of Harner et al. (2013) 13 C] biphenyl) were used in this study. Prior to injection, three internal standards were added to the extracts, which were then analyzed by an Agilent 7890B gas chromatograph -5977A mass spectrometry (GC-MS) equipped with an electron ionization ion source. Selective ion mode was applied to the PAHs detection. Target compounds were separated with an HP-5MS (30 m × 0.25 mm × 0.25 µm) column.
All analytical procedures were monitored using strict quality assurance and quality control. All the solvents used here were chromatograph grade. During the extraction, clean PUF disks spiked with 20 ng of PAHs, were analyzed to access the recoveries. In this study, the recoveries ranged from 70% to 110%. The method detection limits ranged from 1 to 2 pg/m 3 . The instrumental detection limits were determined as the injection amount that corresponds to signal-to-noise value of 3:1. Procedural blank PUF disks were prepared for each batch of 10 samples and were analyzed to monitor interferences. The reported PAH concentrations were finally corrected by the field blanks.
Automatic meteorological stations near the sampling sites (Re-EMCN, Ru-NUEORS, DMS and Re-UNNC) were used to get the temperature data. However, the temperature difference was fairly small among them within the spatial distance of about 40 km. Therefore, a common temperature for each month is selected to calculate the effective air volume.
The air concentration of PAHs (C AIR , ng/m 3 ) is given by Eq. (1): where m and V AIR are mass of analyte (ng/sample) and effective air sample volume (m 3 ), respectively. According to the (1) C AIR = m∕V AIR Fig. 1 Locations of the sampling sites in Ningbo city, China study of Chaemfa et al. (2009) , PUF may collect most gas phase PAHs, while for particle PAHs, the collection efficiency is about 10%. However, other studies reported that there were no differences in the particle PAHs sampling rates in urban areas (He and Balasubramanian 2010; Harner et al. 2013) . In this study, the effective air volume was calculated using the sampling rate of 3.5 m 3 /day according to previous studies (Hong et al. 2016; Motelay-Massei et al. 2005) . All statistic analyses were made with SPSS 24.0 (IBM Inc., USA).
BaP is the PAH of the greatest concern due to its strong carcinogenicity. Therefore, the equivalent concentration of BaP (BaP eq ) was widely used to estimate the health risk of PAHs mixture. It is calculated by multiplying the mass concentration of specific PAH species with their corresponding toxic equivalent factors (TEFs). TEF for each species (Table S1 ) developed by Nisbet and LaGoy (1992) was used in this study. If the individual PAH concentration was below the limit of detection, the value of BaP eq was considered to be zero. The sum BaP eq of each PAH (Eq. 2) was used to estimate the carcinogenic potencies of 15 PAHs (Li et al. 2016) :
Results and Discussion
In this study, seven PAHs (NaP, ACE, FLU, PHE, ANT, FLT and PYR) were detected in the blank samples. Except NaP, all the other PAHs showed blank values within the range of 0.4-60.1 ng/PUF disk. Due to the abnormal blank concentrations of NaP (9700 ng/PUF), sometimes even higher than the field sample values, the results for NaP were discarded; and only the other 15 PAHs were discussed in the following analysis.
The + BaP + DBA Significant differences (p < 0.05) were found between the rural sites and other sites. Higher concentration was generally observed in industrial area while lower concentration was observed in rural or remote area. It also shows that the annual average concentration of Σ 15 PAHs could vary up to a factor of three even within a distance of 40 km depending on the characteristics of surrounding area. Figure 3a shows the monthly Σ 15 PAHs concentration for each site. Different functional areas showed different seasonal variations. Strong seasonal variations were observed at DMS and In-HY with higher values in winter, while the concentrations at Ru-NUEORS and Ru-RY showed weak variations. However, the values of PAHs at Re-EMCN and Re-UNNC, which are located in the residential area, showed a uniform pattern during the sampling period. Moreover, In-ZH site posed a different seasonal pattern with high concentration in summer. The reason will be discussed later. Interestingly, mountain site (DMS) had a significantly higher concentration in December than other sites. Besides the impacts of regional transport of air masses, this site might be greatly impacted by local emission source, such as the coal or biomass burning for heating by local residents (Liu et al. 2014) .
The health risks of PAHs were also briefly investigated in this study. The total mean BaP eq was 0.33 ± 0.23 ng/m 3 (0.04-1.10 ng/m 3 ). This was lower than those in Taiyuan (2.90 ng/m 3 ) (Xia et al. 2013) and Nanjing (0.97 ng/m 3 ) (Li et al. 2016) , which indicated lower carcinogenic potencies of PAHs in the study region of Ningbo. As can be seen from Fig. 3b , most of the sampling sites showed light seasonal variations of BaP eq with higher values in winter, while lower values in summer. Higher BaP eq values were observed in In-HY and In-ZH especially during wintertime, which suggested higher health risks for the people living in industrial areas.
Based on the species vapor pressure (Table S1 ) (Odabasi et al. 2006) , the 15 PAHs were classified into three groups: (1) light PAHs (lPAH) (ACY, ACE, FLU, PHE, and ANT); (2) middle PAHs (mPAH) (FLT, PYR, BaA, and CHR); and (3) particulate PAHs (pPAH) (DBA, BkF, BbF, BaP, BghiP, and IcdP). It is worth noting that generally opposite trends between monthly Σ 15 PAHs and BaP eq concentrations were observed at In-ZH. This was probably due to the different monthly variations of lPAH and pPAH (Fig. S1) , whose TEFs are different in magnitude (Table S1 ). For the sampling site of In-ZH, obviously high concentrations of lPAH were observed in summer (Fig. S1 ), which might be attributed to the re-emission of PAHs from condensed particles (e.g. petroleum products) driven by high summer temperature (Mishra et al. 2016) . As the dominant component of air PAHs, the increased lPAH could lead to the overall rise of Σ 15 PAHs in summer. However, the concentrations of pPAH with big TEF values were higher in winter than those in other seasons (Fig. S1 ). This might result in the high BaP eq value during wintertime when the Σ 15 PAHs concentration was relatively low (Fig. 3b) .
As to other sites (DMS, In-HY, Ru-NUEORS, Ru-RY, Re-EMCN and Re-NUNC), all the three PAH groups showed similar patterns of seasonal variations as that of the total PAHs, with generally high levels in winter and low levels in summer (Figs. S1 and 3a) .
Correspondence analysis (CA) is a multivariate statistical technique, which is commonly used to display a set of data in two-dimensional graphical form and to visualize the similarities and differences among samples, as well as their main characteristics (Wang et al. 2015) . In order to characterize the PAH congener profiles associated with each functional district and their temporal variations, three separated CA were performed on the original PAH data set.
Firstly, CA was used to investigate the PAH congener distribution among different sites with the ordination graph being plotted (Fig. 4a) . The first two dimension accounted for 90.1% of the total variance. Dimension 1 was significantly associated with two pPAHs (BkF and BghiP), while dimension 2 was characterized by two lPAHs (ACY and ANT). The origin in the figure corresponds to the centroid of each variable. The closer a variable is to the origin, the closer it is to the average profile. The data points of Ru-RY, Re-UNNC and Re-EMCN were more close to the origin, which indicated that the PAH concentrations at these sites were close to the average values. Whereas the other four sites, In-HY, In-ZH, DMS and Ru-NUEORS, were distinctly separated with each other, and closely associated with PYR, PHE/ACE, DBA and FLU, respectively, which suggested that they were impacted by different emission sources. Ru-RY, Re-UNNC, and Re-EMCN, which were probably impacted by residential heating and traffic emissions, well represented the average profile of the study area. However, those sites like In-HY and In-ZH, which has the industrial emission characteristics, and DMS and Ru-NUEORS, which has the characteristic of remoteness, could not reflect the average feature of the study area. This result might indicated that the industrial emission and remoteness might influence the representativeness of the sites in a sampling network, which could provide some insights when selecting typical sites in a region.
Although both located in industrial areas, In-HY and In-ZH were well separated by dimension 1 based on their PAH congener profiles, with In-ZH and In-HY distributing in the negative and positive sides, respectively. In-ZH site was associated with lPAHs (PHE and ACE), while In-HY was frequently associated with mPAHs (BaA and PYR). As BaA and PYR are closely related to coal combustion (Harrison et al. 1996) , the high levels of mPAHs in In-HY (Fig.  S1 ) might be impacted by the industrial coal combustion of the power plant nearby. In-ZH might be impacted by the evaporation of petroleum products as discussed above.
As to the two remote sites, DMS has a positive loading at Dimension 1, while Ru-NUEORS has a negative value. DMS site was more frequently associated with pPAHs (DBA, BbF and IcdP), while Ru-NUEORS was frequently associated with lPAH (FLU). As mentioned above, DMS might be influenced by the biomass burning in the surrounding villages. Since FLU and PYR are strongly associated with coal combustion (Harrison et al. 1996) , Ru-NUEORS site might be predominantly influenced by domestic combustion of fossil fuels.
Furthermore, the seasonal variations of PAH congeners were investigated. All the samples from seven sites were treated as the same with the ordination plot of the months and the chemicals from CA being shown in Fig. 4b . The first two factors accounted for 87.5% of all the variance. The first dimension was partially related to the relative abundance of PAHs with PHE, the most abundant chemical in the study region, being located at the rightmost. From right to left in Fig. 4b , the corresponding levels of chemical projections on dimension 1 kept decreasing. It also showed that the PAH concentrations in Ningbo from February to August were generally at relatively high levels and frequently associated with PHE. PHE is regarded to originate from biomass burning, especially the wood combustion (Rogge et al. 1998 ). The results shown in Fig. 4b suggested that biomass burning might be the predominant source of PAHs in summer. The dimension 2 is somehow related to the volatility, with heavier particle-bound PAHs having positive loadings and lighter compounds having negative loadings. From November to January, the PAHs in Ningbo were significantly influenced by pPAHs (BaP, IcdP and BghiP) and mPAHs (PYR and FLT); and in October, they were strongly associated with lPAHs (ACY, ACE, FLU and ANT) and mPAHs (CHR and BaA). BaP, IcdP and BghiP were widely detected in diesel and gasoline emissions (Larsen and Baker 2003) , which suggested diesel/gasoline combustion was one of the major sources of PAHs in Ningbo during the wintertime.
Finally, the CA ordination plots between the compounds, the months and the sites were made (Fig. S2) . In order to display the data points clearly, the figure was separated into four panels with each panel showing the monthly PAH variations of less than two sites. The first two factors accounted for 69.7% of all the variance. The distribution of PAH congeners in Fig. S2 was extremely similar to the mirror image of that in Fig. 4b . Thus, we could roughly define that Dimension 2 as the representative of volatility, and the relative abundance decreases along the direction of Dimension 1 here. From February to August, most sites distributed in the left side of the figure were associated with PHE with Dimension 1 loadings < 0, which suggested that PHE was dominant during summer time. For DMS, Re-UNNC, Re-EMCN, and Ru-RY, the data points of December, November, and January were associated with mPAHs or pPAHs (IcdP, PYR and BghiP). However, for In-ZH, the data points of December, November, and January were associated with lPAHs (ANT and ACE).
Looking at the monthly distribution of each site in the biplot separately, several points are particularly noteworthy: (1) As suggested in Fig. 4a , the points for the sites of Re-UNNC, Re-EMCN and Ru-RY clustered together around the origin. The seasonal change at these three sites could generally reflect the variation of average PAH levels in Ningbo; (2) During the whole sampling period, most points of Ru-NUEORS tightly distributed within the third quadrant. As a relative isolated coastal site far away from city center, Ru-NUEORS showed the least temporal variation, which well represents the local background level of PAH pollution; (3) Although both located in industrial area, In-HY and In-ZH had totally different PAH congener profiles, and were well separated with the two dimensions in the ordination plot; (4) As the only mountain site, especially from November to January, DMS showed a congener profile significantly different from others, which was associated with FLT, BbF and PYR.
PUF-PASs were deployed in different functional districts to investigate the temporal and spatial distributions of PAHs and to give insights into potential sources. The total BaP eq concentration showed a slight variation with a high value in winter for each sampling site. The annual average concentrations of PAHs were in the order of industrial > residential > mountain > rural areas. Interestingly seasonal variation among the sites was found in this study, which might reflect different emission characteristics in different functional areas. In order to identify the corresponding characteristics of their potential sources, CA was conducted for these sites. Different congener profiles and seasonalities were observed in mountain, rural and residential areas; and even different industrial layouts could lead to different properties of PAH congener emission, with the atmospheric PAHs in the area close to oil refinery plant, like In-ZH, showing significantly high portion of lPAHs. There are many evidences indicating that higher concentrations of PAHs at mountain areas during winter time might be ascribed to the impacts of local biomass burning. This study also demonstrated that industrial emission source and remoteness should be considered when evaluating and selecting a representative site of the region. The PUF-PAS technique was proved to be a useful tool to monitor PAHs in Ningbo.
